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Abstract 



X 

In the aspon model solution of the strong CP problem, there is a gauged U (1) 
symmetry, spontaneously broken by the same vacuum expectation value which 
breaks CP, whose massive gauge boson provides an additional mechanism of 
weak CP violation. We calculate the CP asymmetries in B decays for the 
aspon model and show that they are typically smaller than those predicted 
from the standard model. A linear relation between the CP asymmetries of 
different decay processes is obtained. 
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The violation of CP symmetry was a surprising experimental discovery made almost 
thirty years ago in the neutral kaon system In field theory, one profound question about 
CP is whether it is explicitly broken in the fundamental lagrangian or only spontaneously 
broken by the vacuum. Within the standard model explicit CP violation can be accommo- 
dated in the flavor mixing of three families by the Kobayashi-Maskawa (KM) mechanism . 
The experimental information regarding CP violation still comes only from the neutral kaon 
system and is inadequate to determine whether the KM mechanism is the correct underpin- 
ning of CP violation. In dedicated B studies, with more than 10 8 samples of B° (B°) decay, 
it will be possible to test this assumption stringently by measuring the angles of the 
well-known unitarity triangle whose sides correspond to the complex terms of the equation 

v: b v ud + v t iv td + v; b v cd = o. (i) 

If CP is spontaneously broken, the outcome of these measurements will be different from 
the standard model. It is the purpose of the present Letter to illustrate this in the context 
of the aspon model |^|||. 

The standard model contains 19 parameters of which two, commonly denoted by 9 and 
S, pertain to CP violation. The value of 8, the strong CP violation parameter, is restricted 
by the neutron electric dipole moment to be: l^2x 10 -10 . The KM mechanism offers no 
solution of this fine-tuning which is generally explained by an independent mechanism. In 
the aspon model which solves the strong CP problem, there is a new gauged U(l) symmetry 
which is spontaneously broken by the same vacuum expectation value that breaks CP. The 
resulting massive gauge boson, the aspon, provides an additional mechanism for weak CP 
violation. 

The three angles of the unitarity triangle (conventionally defined as a, (3, 7 between 
the first and second, second and third, and third and first sides in (|IJ), respectively) can be 
separately measured for the standard model by the time-dependent CP asymmetry ||, 

m = r(j?°(t) -> f) - r(B°(t) - f) (2) 

A J r(B o W _ /) + T{ B%t) - f) {) 
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where the final state / is a CP eigenstate. We define q, p in B°-B° mixing by the mass 
eigenstates Bi y2 : 

\B lt2 )=p\B°)±q\B*) (3) 

and similarly for K\ 2 in the kaon system. A, A are the decay amplitudes: 

A,A=(f\H\BP,B°) (4) 

Let us consider the specific cases of / = n + 7r~, ipKs from Bd decay and / = pKs from B s 
decay. We define A(/) by 

The complex conjugate appears in (|7|) because 5° — > while — > K°. If to a sufficiently 
good approximation \q/p\ = 1, and = 1 as we shall show for the aspon model below, 

then A(/) is related to the CP asymmetry through the B\ — B 2 mass difference AM by 

a f (t) = -Im A(/) sin(AMt). (8) 

In the standard model the angles of the unitarity triangle are related to the A(/) by 0: 
sin2a = Im A(7r + 7r _ ), sin2/9 = — Im \(ipKs), and sin 27 = — Im X(pKg). Such relations are 
no longer valid in the aspon model because Im(g/p)s d has a major contribution from aspon 
exchange and lm(q/p)K is dominated by aspon exchange. 

To evaluate the CP asymmetries in B decays for the aspon model we need to evaluate the 
different factors in the A(/) given in Eqs. (|5|-|7|) above. More precisely we need, from Eq. (^J), 
the imaginary part of the A(/). The aspon model adds new Feynman diagrams involving 
aspon exchange to those involving W exchange already present in the standard model. 
Because CP is only spontaneously broken, the W -exchange amplitudes are predominantly 



real and have very small phases while the aspon-exchange has a much smaller magnitude 
but an unpredicted arbitrary phase. As a result, the |Im A(/)| appearing in Eq. @ are of 
order 0.002 or less compared to the standard model expectation that |Im A(/)| be generally 
of order of, although less than, unity. Thus, CP asymmetries in B decays are predicted to 
be correspondingly smaller than in the standard model. This is our principal result. The 
remainder of this Letter provides more technical details. 

Firstly, we examine the three mixing factors (q/p) for the B d , B s , and K neutral meson 
systems. The definition is 

where M i2 (£) and M 2 i(£) are the amplitudes for £ — > £ and £ — > £, respectively. The 
quantity Mi2(£) is the sum of one-loop W + W~ exchange and tree-level aspon exchange 
amplitudes. For example, 

,2 Jl 



M 12 (B d ) oc ^/(*) (V; d V tb ) 2 + (x* 3Xl ) 2 j± (10) 



Similarly, 



Mu(B.) oc ^/<«) (V'V a f Jfe + i^f || (11) 



where m t (m c ) is the mass of the top (charm) quark, z t = m^/M^- and 



n>) = j 



9 6 6z 2 In z 



(13) 



1-z (1-z) 2 (l~z)\ 

The function f(z t ) takes values between 0.64 and 0.51 for m t between 120 and 200 GeV. In 
Eqs. ([10HT2D , g is the coupling constant for electroweak SU (2), g^ is the coupling constant for 
the new gauged U(l), M4 is the mass of the aspon, and the Xi are given in the notation of 
as %i = Fi/M. The expression for K°-K° mixing uses the fact that |V^V^ s m c | 3> iV^V^m^ 
and hence amongst possible internal quarks the charm quark dominates the top quark, unlike 
the case for B°-B° mixing where the top quark dominates. This is important because, as a 



consequence, aspon exchange dominates the imaginary part of Mx2(K). This allowed upper 
limits on the aspon mass (and the CP violating scale) to be arrived at in the original aspon 
papers The aspon mass was made sufficiently small so that the K°-K° mixing phase 

compensated the smallness of the phase in the decay amplitude for s — > uud (W exchange). 
The difference in physics between the neutral B and K systems depends further on the 
inequalities \x?\ <C \x 2 \ <C \x\\. 

In the neutral B system the phase of the amplitude for the decay b — > uud (W exchange) 
is again smaller in the aspon model than in the standard model in a suitable phase con- 
vention. But in this case the phase of the B°-B° mixing has significant contributions from 
W + W~ exchange. As can be gleaned from Eqs. (pT0| — pT2|) , there are two numerical reasons, 
both acting in the same direction, why the imaginary part of the one-loop W + W~ exchange 
is comparable to that of the tree- level aspon exchange in B°-B° mixing. Firstly, the W + W~ 
exchange amplitude in B°-B° mixing is enhanced by a relative factor (m t /m c ) 2 ; secondly, 
there is a suppression |x 3 /x 2 | 2 (for B d ) in the aspon exchange amplitude relative to the 
neutral kaon system. 

To evaluate the mixing we need the aspon model values of the Vij. These are given by 



Vij = (A) il Cm {k L ) nj + XiX* 



(14) 



where C\ n is a real matrix. Up to quadratic order in the Xj, Xj, and using m s mb, 

m u m c m t , the matrices j L and &l are given by 



~a x 

x\x2 a 2 



and 



ax 




— X1X3 





(1-2 


-X2X3 
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(15) 



(16) 
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In these expressions Oj = 1 — ||xj| 2 , 5j = 1 — l|xj| 2 , and x^ = CijXj, where the overtilde 
refers to variables in the charge (+§) sector as opposed to the charge (— |) sector. 
The -B decay amplitudes are given by 

g 2 g 2 

A Bd ^+n- oc 3 (V* d V ub ) j^- + ^il^il 2 ^-^ (17) 
A Bd ^4, K oc (V*V cb ) j^- + 3x* 3 x 2 \x 2 \ 2 j^(<p K (18) 

A Bs ^ pK oc (V* d V ub ) + x*3Xi\%i\ 2 j^tCpK (19) 

where the first and second terms originate from W exchange and aspon exchange, respec- 
tively. The ( factors, which are of order 1, account for the fact that the aspon exchange 
amplitudes involve different strong interaction dynamics from the jy-exchange amplitudes. 



The factors of 3 in Eqs. (|17|-|18|) arise from color SU(3); the absence of a relative color 
weighting in Eq. (Jf^) follows from considerations of isospin. In all cases, the real and imag- 
inary parts are dominated by the ly-exchange amplitudes and so = 1. This confirms 
the validity of Eq. (§). 

We may parameterize Xj = \xj \ exp(i(pj). The phases 0j are unknown. If we focus on the 
imaginary parts of the quantities in Eqs. (§-0) and assume that qa = g, we find 

Im (£) = -^—{[(V ud V cs - V us V cd f - Vl]\x lX2 \ sin^! - 2 ) 



+ V us V ub \xix 3 \ sin(0i - 



'3 



V ud V ub \x 2 x 3 \ sin(0 2 - 03)} 
32tt 2 M 2 , \x x x 2 ^ 



G F m\ M\ (V cd V cs f 

Im(-) = 2^|xix 3 | sin(0i - 3 ) 
\P/B d v * 

+ 2-^-\x 2 x 3 \ sin(0 2 - 03 



sin2(0 1 - 2 ) (20) 



327T 2 Myy |X!X 3 | 2 

2 2 sin 2 0i - 03 21 

G F mtf(z t ) M\ {V td V tb y 



lm( q -) =-2^|*i* 2 |sin(0i- 
\PJbs V * 

+ 2-^\xix 3 \ sin(0i 



tb 
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+ 2—\x 2 x 3 \ sin(0 2 - 03) 
Vtb 

32tt 2 M 2 , \x 2 x 3 1 2 
G F m 2 J(z t ) M\ (V u V tb y 



sin2(0 2 -0 3 ) (22) 



J^|xix 2 | sm(0x - 2 ) + 2^|xix 3 | sin(0i - 3 ) (23) 



Im (4 J = T/ 2 T/ {-KdKhlzi^l sin(0a - 



Vcs Vcb 

+ VtdVtslx&al sm(0! - (/) 3 
+ [(VcVfl, - V ch V ts ) 2 - V c 2 s ]\x 2 x 3 \ sin(0 2 - 3 )} (24) 



In Eqs. (pDf-|2"2|), the terms of order | from the one- loop W + W exchange and the 



terms of order |xjXj| 2 are from tree-level aspon exchange. The order la^a^l 2 contributions 
from the box diagrams have been ignored because in general these are much smaller than the 
aspon contributions displayed. In Eqs. ([23H241), the displayed terms are from W exchange 



only because, as mentioned earlier, contributions from aspon exchange are negligible. To 
the order of accuracy shown in Eqs. (f2l]|- |2~4l) , the can be regarded as real and are given 



by the corresponding Cy. 

Combining Eqs. (p0|-p4]) with Eqs. (0-0) yields the results 



|Im \(it + it-)\ < 1 x KT 5 (25a) 
|Im X(ipK s )\ < 2 x 1(T 3 (25b) 
|Im \(pK 3 )\ < 2 x 10~ 3 (25c) 

The numerical values were obtained by using the central values of the V{j listed in the most 
recent Review of Particle Properties J7[ and the value 300 GeV for the aspon mass, and the 
magnitudes of the X{ have been restricted by the upper limit on the strong CP parameter 
9 to be ||: \x\\ < 10~ 2 , \x 2 \ ^ 10~ 3 , \x 3 \ < 10~ 4 . The resulting CP asymmetries a,f(t) 
are in general smaller than those predicted by the standard model. We note that the final 
states with a kaon typically have larger asymmetries. If CP violation is not detected in the 



7 



planned B studies as initially envisaged, it may be a signal that spontaneous CP violation 
is at work. 

It is also interesting to observe from Eqs. that, since the aspon exchange terms in 

Eqs. (|T7j-|i9|) are negligible, 

\P) b\ A ) B^K 

■6) 6) 

= \(D+D S -). (26) 

In the aspon model where the A(/) have unit moduli and |Im A(/)| <C 1, this relation implies 
a linear relation for the imaginary parts: 

Im \(ipK s ) + Im X(pK s ) - Im \(tv + tv-) - Im X(D S + D S -) = 0, (27) 

which provides an additional test of the aspon model. We may also infer from Eqs. (^) and 
(0) that 

|Im X(D s + D.-)\ < 4 x 1(T 3 . (28) 

In conclusion, our result is that if the aspon model were correct, CP asymmetries in B 
decays would be much smaller than predicted by the standard model and the relation (|27D 
would be satisfied. Although we have considered only final states which are CP eigenstates, 
it is expected that the CP violation effects will likewise be small for the CP non-eigenstates. 

If CP violation in the neutral B meson decays shows up at the level expected from the 
KM mechanism, it will disfavor spontaneous CP violation. On the other hand, if this is 
not observed, spontaneous CP violation, as exemplified by the aspon model, will become a 
viable alternative to the KM mechanism. To verify then the aspon model would require the 
ability to measure very small CP asymmetries in the B system as well as detection of the 
aspon in a hadron collider ||. 

This work was supported in part by the U.S. Department of Energy under Grants DE- 
FG05-85ER-40219 and DE-FG02-84ER-40163. 
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